During periodic stimulation of spontaneously beating chick heart cell aggregates, there is often an evolution of coupling patterns between the stimulator and the aggregate action potential. For example, at rapid stimulation frequencies, a rhythm that is initially 1:1 (stimulus frequency: aggregate frequency) can evolve to other rhythms such as 5:4 and 4:3. Time-dependent effects generated during periodic stimulation are characterized by three types of experiments to determine 1) the effect of periodic stimulation on the intrinsic cardiac beat rate (overdrive suppression), 2) the effect of periodic stimulation on the phase resetting properties of the aggregate, and 3) the time-dependent changes in the coupling patterns between the stimulator and the aggregate during periodic stimulation. The protocols involved variations in the duration and rate of periodic stimulation. A mathematical model is developed in the form of a two-dimensional finite difference equation based on the data from experiments 1 and 2. The model is used to predict the data generated by experiment 3. There is good correspondence with the experiments in that the theory reproduces complex transitions between various rhythms and displays irregular rhythms similar to those observed experimentally. These results have implications for the evolution of cardiac arrhythmias such as atrioventricular heart block and modulated parasystole. (Circulation Research 1991;69:1022-1033 T he sinoatrial node is the dominant pacemaker in mammalian hearts. In normal circumstances, all subsidiary pacemakers in the heart are entrained in a 1:1 fashion to the basic sinus rhythm. However, if the sinus rhythm is abolished, it is usual to observe the emergence of a subsidiary pacemaker after a period of quiescence. This suggests that the intrinsic rhythmicity of subsidiary pacemakers is normally suppressed. to analyze the consequences of overdrive suppression on the evolution of complex rhythms in the heart. To carry out such a study, we consider a model system consisting of spontaneously beating aggregates of embryonic chick heart cells. Previous work has demonstrated overdrive suppression in this system7 and has documented complex evolution of rhythms during periodic stimulation,8-12 but systematic studies have not been carried out. In the present study, we undertake a quantitative characterization of overdrive suppression in spontaneously beating embryonic heart cell aggregates and study the consequences of overdrive suppression on the phase-resetting properties of the aggregates and on the response of the aggregates to periodic stimulation of different
T he sinoatrial node is the dominant pacemaker in mammalian hearts. In normal circumstances, all subsidiary pacemakers in the heart are entrained in a 1:1 fashion to the basic sinus rhythm. However, if the sinus rhythm is abolished, it is usual to observe the emergence of a subsidiary pacemaker after a period of quiescence. This suggests that the intrinsic rhythmicity of subsidiary pacemakers is normally suppressed. This inhibition of the intrinsic rhythmicity of spontaneous pacemakers is now called overdrive suppression. 1 Overdrive suppression plays an important role in normal mammalian hearts and in the pathophysiology of mammalian hearts. Many experimental findings support the interpretations that the atrioventric-ular node is a spontaneous pacemaker that is overdrive-suppressed by the normal sinus rhythm.2 Overdrive suppression of the sinus node is a standard clinical test for the evaluation of sinus node function (the sinus node recovery test).3,4 Finally, since parasystole is an arrhythmia in which the rhythm of an ectopic pacemaker can be modulated and entrained by the normal rhythm,5'6 overdrive suppression may be important in interpreting complex parasystolic rhythms.
To date, there have been no attempts to develop quantitative theoretical models of overdrive suppression or to analyze the consequences of overdrive suppression on the evolution of complex rhythms in the heart. To carry out such a study, we consider a model system consisting of spontaneously beating aggregates of embryonic chick heart cells. Previous work has demonstrated overdrive suppression in this system7 and has documented complex evolution of rhythms during periodic stimulation,8-12 but systematic studies have not been carried out. In the present study, we undertake a quantitative characterization of overdrive suppression in spontaneously beating embryonic heart cell aggregates and study the consequences of overdrive suppression on the phase-resetting properties of the aggregates and on the response of the aggregates to periodic stimulation of different frequencies. We develop a simple quantitative model of the effects of stimulation history on the intrinsic rhythmicity of the aggregate that shows correspondence with a large body of experimental data.
Materials and Methods

Tissue Culture
Aggregates were prepared following the techniques of DeHaan and Fozzard13 as previously described.14 White Leghorn chick embryos were incubated for 7 days at a temperature of 37°C and a relative humidity of 85%. The embryos were decapitated, and the hearts were excised. The atria and apical portions of the ventricles were isolated separately, fragmented, and dissociated into single cells. Dissociation was carried out by a multiple cycle procedure in an enzyme-containing solution. 15 The cell suspension was filtered through a membrane with a 12.0-,m-diameter pore size and centrifuged at 1,000 rmp for 15 minutes. The cells were resuspended and aliquoted into 25-ml Erlenmeyer flasks each containing 3 ml maintenance medium at a density of 5 x 105 to 7x 105 cells/flask. The flasks were gassed with a mixture of 5% C02, 10% 02, and 85% N2, sealed with a silicone rubber stopper, and placed on a gyratory table (70 rpm) for 48-96 hours at 37°C to allow spheroidal aggregates to form. The dissociation medium consisted of 5.25 x 10`g/ml crystalline lyophilized trypsin (245 units/mg, Worthington Biochemical Corp., Freehold, N.J.) and Sx 10-6 g/ml deoxyribonuclease I (9.1 x 104 units/mg, Worthington Biochemical) in a Ca2+-Mg2+-free, phosphate-buffered balanced salt solution with the following concentrations (mM): NaCl 116.0, KCl Three different types of experimental protocol were carried out.
Protocol 1: Overdrive suppression. The chick heart cell aggregates were stimulated using depolarizing stimuli at a rate faster than the intrinsic rate of the preparation. Frequencies and amplitudes of stimulation were chosen such that there was 1:1 entrainment between the stimulus and the aggregate action potential during the entire time of the stimulation. In general, the stimulus amplitude was between 1.5 and two times threshold, and the stimulus period was between 50% and 70% of the control cycle length. In each experiment, stimulation was carried out for various lengths of time but at a fixed frequency. After delivery of a train of stimuli, there was a rest period of -30-60 seconds to allow the aggregates to return to control cycle length. Figure 2 ). Let Finally, we assume that the effects of many stimuli are additive (i.e., there is a linear superposition of the effects), but the effect of each stimulus decays exponentially with a time constant r. Therefore, during periodic stimulation, the slope after i stimuli with stimulation period ts is ao+Zi, where ao is the slope in control and Ii is given by lL= Ei-exp(-tjr)+A1 (3) After terminating the overdrive stimulation consisting of i stimuli, the slope exponentially returns to its control value: (4) where t is the time interval after the termination of the stimulation.
The parameters a0e, r, and a can be determined from experimental data. The slope in control (a0) can be measured directly from the spontaneously beating preparations. We determined r and li by fitting experimental data in Figure 3b Protocol 2: Phase response curve. The phase resetting behavior is determined in control and after overdrive suppression. In both circumstances, we measure the perturbed cycle length, T(S), due to a single stimulus delivered at a delay (6) after the upstroke of an action potential (see Figure 6 ). During the control, the phase response curve (PRC) is given as
where f is a nonlinear function. Tok+l=Tooi+ts+To-Tof(4oi) (7) where ts is the period of the stimulation, 4i is the phase of the ith stimulus, and f is the PRC curve defined in Equation 5 .
In the current case, the period of the oscillator is changed due to the stimulation. One way to account for these effects is to determine the phase of each stimulus based on the intrinsic control cycle length after the ith stimulus, rather than on To. In this case, we obtain
Tioi+l=TiA.+ts+Ti-Tif(oi) (8) Figure  3a . The intrinsic cycle length is 950 msec, and the stimulation period is 600 msec. The longer the period of overdrive, the smaller the slope and, therefore, the greater the intrinsic cycle length.
After overdrive, the slope gradually recovers to the control value with a monotonic time course that is well described by Equation 4 , with a time constant in the range of 6-35 seconds. Figure 3b shows an example of the recovery time course for the slope after 180 seconds of overdrive stimulation shown in Figure 3a . The solid line in Figure 3b is a fit of the data to Equation 4 using at0=0.036 mV/msec, a=0.00077 mV/msec, and r=26 seconds. Thereafter, these parameters are used to calculate the change of the slope as a function of stimulation duration (solid line in Figure 3a) . Figure 4 gives a global picture of the overdrive effect, combining the results of different stimulation runs for five preparations. Figure 5 shows a plot of the theoretically computed curves (solid lines) superimposed with Figure 4b using the parameters ao=0.036 mV/msec, a=0.00077 mV/msec, and r=26 seconds. Note that the asymmetrical buildup and decay of the overdrive effect is reproduced by the theoretical model. However, the initial decay occurs more rapidly in the experimental data than in the theoretical model. Protocol 2: Phase response curve. The response of biological oscillators to an isolated stimulus depends on the phase of the oscillation at which the stimulus is delivered and the magnitude of the stimulus. 14, 16, 19, 20 Figure 6a Experiments were then carried out to determine the PRC after overdrive stimulation in the same preparation. Figure 6b shows the corresponding protocol for this approach. Periodic trains of eight stimuli with a stimulus period of 600 msec were given, followed by a premature stimulus and then a rest period of 30 Figure 1 . 300 are shown in the upper and lower tracings, respectively. The transition point from prolongation to shortening after overdrive is between the coupling intervals shown in Figure 6b , which occurs in a range greater than that of the control shown in Figure 6a . Curves a-e correspond to the curves shown in Figure 4 . TO, control cycle length; tS, stimulus period; a0, mean slope of phase 4; APD, action potential duration; 6, threshold of action potential; a, fraction of change of the slope due to single stimulus; r, time constant of the change of the slope of phase 4 (mean±SEM). Figures 7a and 7c) .
T/TO show systematic shifts as a function of 8/TO (filled triangles in
The open circles in Figure 7a and 7c are the control PRC. 20 In the present study, we propose that an analogous quantity, the normalized phase response curve PRC, can be obtained by dividing the measured time intervals by T (see Equations 5 and 6). The results are shown by filled squares in Figures 7b  and 7d .
If the scaling accounted completely for the differences in phase-resetting behavior after overdrive, then there would be a perfect superposition of the PRC and PRC curves in Figures 7b and 7d . However, there is a discrepancy around the transition point from cycle lengthening to cycle shortening at the low stimulus intensity (Figure 7b ). In contrast, the data are quite closely superimposed at the higher stimulus amplitudes (Figure 7d ). Since we are more interested in the higher stimulation amplitudes, which were used during periodic stimulation in most of these experiments, we will focus on the PRC at high stimulation amplitudes.
Protocol 3: Periodic stimulation. We now consider the changes in the rhythms set up between the stimulator and the aggregate during periodic stimulation of 2-5 minutes. Figure 8a shows a typical evolution of rhythms recorded from a 7-day atrial aggregate when stimulated with a stimulus period (t,=470 msec) that is less than the intrinsic cycle time (To=730 msec). The rhythm is initially 1 :1 but then undergoes transitions: 1: 1->10: 9->8: 7-*7: 6-*6 :5. One way to characterize such recordings is to determine the time interval between each stimulus and the preceding action potential. Figures 8 and 9 , the parameters were estimated to be ao=0.04 mV/msec, a=0.0006 mV/msec, and r=25 seconds. The theoretical calculations using Equa- Figures 8 and 9) .
During stimulation at rates faster than the intrinsic rate (overdrive), there is a progressive buildup of overdrive suppression. The effect of this is to prolong the time-dependent intrinsic cycle length so that 1:1 entrainment is no longer possible. The evolution of the rhythms computed from the model and observed experimentally both showed this effect (compare Figures 8a and lOa.) An opposite effect is seen with stimulation slower than the intrinsic rate (underdrive). Now the effect is to decrease the time-dependent intrinsic cycle length, once again destabilizing the 1:1 entrainment, producing irregular rhythms. However, the effect of stimulation history is smaller than during overdrive stimulation. Figure  8c ).
length (now modified due to stimulation), the effects can be more subtle than this (see Figure 7b ). 
000D
shown in Figure 8 .33 34Complex evolution of rhythms can also be observed during periodic stimulation of the respiratory rhythm35 and other cardiac rhythms,36 indicating that analogous phenomena to those observed here may be of significance in the study of other oscillating systems.
Overdrive suppression would also be expected to play a role during modulated parasystole of a ventricular ectopic focus. Since the ectopic focus usually has a cycle length longer than the sinus cycle length,5'6 the persistent stimulation of the ectopic focus during modulated parasystole would be expected to change the time-dependent intrinsic cycle length and hence the PRC. Clinical data and theoretical models of modulated parasystole will have to be reexamined to see if such effects are playing an important role.
Finally, the sinus node can also be overdriven. Such effects are sometimes observed during a supraventricular tachycardia.37 In the sinus node recovery test, the effects of overdriving the sinus node are determined.3,4 An unusually long sinus node recovery time is often associated with sick sinus syndrome. In the clinical setting, neurohumoral factors can play a role in determining the sinus node recovery time.4,27 The current in vitro experiment eliminates these neurohumoral factors. A notable difference between overdrive suppression in our experiments and in the clinical context is that the duration of pacing does not have a marked effect on the sinus node recovery time in normal individuals, whereas here it does affect the extent of the elevation of the intrinsic cycle length (Figure 1) This work has demonstrated time-dependent effects of stimulation on intrinsic automaticity and phase resetting in spontaneously beating chick heart cell aggregates. A quantitative theoretical model incorporating these effects is able to account for the evolution of complex rhythms observed during periodic stimulation. This provides a conceptual and theoretical framework for understanding analogous effects in the intact heart.
Appendix
The theoretical model contains a number of assumptions. These assumptions have been motivated by a desire to maintain a comparatively simple mathematical structure consistent with a plausible physiological mechanism and also in reasonable accord with experimental observations. In developing this theoretical model we have also tried a number of alternative formulations. This "Appendix" provides further amplification on the assumptions of the current model and is directed toward mathematically inclined readers who might wish to extend the current model.
The time dependence of the buildup and decay of the overdrive suppression presents striking features that are not easy to account for using various plausible mechanisms. In general, the buildup of the intrinsic cycle length during stimulation is comparatively gradual, whereas the decay of the intrinsic cycle length after cessation of stimulation is initially quite rapid for the first few beats and is then followed by a slower time course.
The qualitative appearance of the decay of the intrinsic cycle length suggests that the dynamics might be well fit by a sum of two exponentials. When the data is fit to a sum of two exponentials, one finds a range of fast time constants from 1 to 4 seconds and a range of slower time constants from 15 to 40 seconds. A compartmental model with two compartments could provide a good fit to this exponential decay. For example, such a model could correspond to the accumulation of potassium in two compartments, with transport between the compartments and decay from one or both of the compartments. When we tried to develop this sort of model, we found that the buildup of the overdrive effects was symmetrical to the decay in that it consisted of a rapid buildup followed by a slower phase; this is not in agreement with what is observed (see Figure 3 ). The present model better reproduces the asymmetry in the buildup and decay processes. The rapid initial decay arises because of the possibility of having a small value for a in Equation 1. Thus, even though a decays exponentially, the decay of the period of the oscillation is not a simple exponential function. The slow buildup is partially accounted for by having the Ai in Equation 2 depend on 1-t,/Ti. The current model does not account for the comparatively rapid decay of the cycle time after stimulation for short durations.
In the theoretical model we have assumed that a simple linear scaling of both the coupling interval and the perturbed cycle length accounts for the effects of overdrive stimulation on the PRC (Equations 5 and 6). The data presented in this paper show that the situation is much more subtle than what we have assumed. As demonstrated in Figure 7b , we sometimes observed striking differences in the form of the PRC after overdrive stimulation. The current theoretical model in which we assume simple scaling offers no way to account for the apparent discontinuities that are observed in Figure 7b . However, the discrepancies observed only occur over comparatively narrow ranges of delay; therefore, the discontinuity does not markedly affect the computations during the periodic stimulation protocol. Another difficulty in the scaling of the PRC results from the comparatively small changes in the APD even after prolonged stimulation. The consequence of this is that the simple linear scaling that we have applied here breaks down in situations of large overdrive effect, since stimuli delivered during the peak of the action potential will still have negligible effect on the perturbed cycle length, even though a strong effect is predicted for such stimuli using the current formulation after long duration overdrive.
It is difficult to account for these subtle effects on phase resetting during conditions of overdrive. The experiments are probing the effects of perturbations during transient behaviors. A deeper physiological understanding of the mechanisms leading to the overdrive may be needed before a more detailed theoretical model can be developed. In particular, theoretical models posed as differential equations in which there is a stable limit cycle oscillation corresponding to the cardiac cycle will probably be necessary to account for the transient responses.
